Associated with Cognitive Training
disease (15, 23, 24) . We have also shown that inhibition of platelet activation abrogates the protective effect, which could explain the deleterious effect aspirin may have on malarial outcome (25) . 26 . We thank M. Cozens for flow cytometry support; D. Senyschen, G. Panoschi, and F. Rodda for technical support; the Australian Red Cross Blood Service for providing purified red blood cells; S. Jackson for advice; R. Anders for providing the P. falciparum parasites; and C. Flowers for manuscript preparation. W orking memory (WM) is the ability to retain information for short periods of time and is important for a wide range of cognitive functions (1, 2) . Reduced WM capacity is associated with neurological and psychiatric disorders (3, 4) as well as normal aging (5) . Several of these conditions are also associated with impaired dopamine transmission (6, 7) .
Intensive training on WM tasks can improve WM capacity (8) (9) (10) (11) (12) and reduce cognitively related clinical symptoms (10) . Training-related improvements in WM have been associated with an increase in brain activity in parietal and frontal regions linked to WM (9), but the biochemical underpinnings of cognitive training are unknown.
Dopaminergic neurotransmission has a central role in WM performance (13) (14) (15) (16) , and cortical dopamine release has been observed in humans during the performance of WM tasks (17) . In nonhuman primates, locally applied D1 agonists, as well as antagonists, affect both performance and the neuronal firing patterns of prefrontal neurons when information is kept in WM (18, 19) . The effects seem to be dosedependent (15, 16) , with evidence of an optimal level, so that either too much or too little stimulation of D1 receptors results in reduced WM performance or tuning of prefrontal activity (18) (19) (20) (21) .
The availability of dopamine can lead to the translocation of dopamine D1 receptors from the cytosol to the plasma membrane (22) , and downregulation of striatal dopamine D2 receptors has been shown to occur after 7 days of motor training in developing rats (23) . However, the regulation of dopamine receptors as a result of cognitive training has not been studied. We thus investigated the possibility that up-or downregulation of cortical D1 receptors and subcortical D2 receptors is associated with intensive mental activity during cognitive training.
We used a previously described method of WM training in which participants perform WM tasks with a difficulty level close to their individual capacity limit for about 35 min per day over a period of 5 weeks (8-10). Thirteen volunteers (healthy males 20 to 28 years old) performed the 5-week WM training. Five computer-based WM tests (three visuospatial and two verbal) were used to measure each participant's WM capacity before and after training, and they showed a significant improvement of overall WM capacity (paired t test, t = 11.1, P < 0.001). The binding potential (BP) of D1 and D2 receptors was measured with positron emission tomography (PET) while the participants were resting, before and after training, using the radioligands [ 11 C]SCH23390 and [ 11 C]Raclopride, respectively ( Fig. 1 ).
To identify brain regions implicated in WM, we conducted functional magnetic resonance imaging (fMRI) on each individual. By comparing activity during a WM task to that during a control task, we identified regions specifically linked to WM (P < 0.05, false discovery rate corrected). This resulted in five regions of interest (ROIs) (Fig. 2, A to E) , which were used to constrain the analysis of the D1 BP as follows: (i) A right posterior ROI, which included regions of the right parietal, temporal, and occipital cortices; (ii) a left posterior ROI, which included regions of the left parietal, temporal, and occipital cortices; (iii) a right dorsolateral prefrontal ROI, which included the right middle frontal gyrus and right superior frontal gyrus; (iv) a left frontal ROI, which included the left middle frontal gyrus; and (v) a right ventrolateral prefrontal ROI, which included the right inferior frontal gyrus. For calculation of D2 BP, bilateral caudate and putamen ROIs were defined anatomically. Although WM activity in the basal ganglia was not identified from the fMRI data in the present study, these regions have previously been associated with WM (11, 24) and are known to have a high density of D1 and D2 receptors (Fig. 1D ). Based on suggestions of an inverted u-shape relationship between DA levels and performance, we analyzed the outcome using both linear (WM = a + b 1 BP) and quadratic (WM = a + b 1 BP + b 2 BP 2 ) regression models (where a is the intercept and b 1 and b 2 are the regression coefficients).
First we averaged baseline D1 BP across the five cortical ROIs and averaged baseline D2 BP in the four subcortical ROIs, then analyzed the relationship with overall WM capacity before training. There was no significant association for either D1 or D2 BP (D1: linear r 2 = 0.09, P = 0.33; quadratic r 2 = 0.34, P = 0.12 for the whole www.sciencemag.org model and P = 0.08 for the second-order term, b 2 , suggesting a trend for an inverted-u shape; D2: linear r 2 = 0.11, P = 0.26; quadratic r 2 = 0.12, P = 0.53). Next we investigated the effect of training. For each participant, D1 BP change was averaged across the five ROIs. The change in WM capacity could be explained by both the linear model (negative correlation, P = 0.016) and the quadratic model (P = 0.001). However, the qua-
, where WM 1 and WM 2 represent WM capacity before and after training, respectively; and BP 1 and BP 2 represent BP before and after training, respectively} predicted a larger amount of variance (r 2 = 0.75) as compared to the linear model (r 2 = 0.42; r 2 of change between models = 0.33, P = 0.005). The quadratic model was then fitted for each region individually and described the data at a statistically significant level (P < 0.05) for the right ventrolateral frontal, right dorsolateral frontal, and both posterior ROIs (Fig. 2, F to J) . For D2 BP, the average change across all ROIs was not related to the change in WM capacity (linear model: r 2 = 0.02, P = 0.67; quadratic model: r 2 = 0.08, P = 0.66).
These findings show that training-related changes in WM capacity are associated with changes in D1 BP. The binding of [ 11 C]SCH23390 has been shown to be insensitive to the immediate effect of drugs changing endogenous dopamine concentration and may thus serve as an index for the density of available D1 receptors (25) . Although the relation between performance and dopamine BP is probably nonlinear, our data (Fig. 2 , F to J) generally showed that, within the measured range, a negative correlation dominated for all regions, with larger decreases in D1 BP being associated with larger improvements in WM. This is consistent with the finding that low doses of a D1 antagonist enhance the delay activity of prefrontal neurons during the performance of WM tasks (18, 19) . An association between a decrease in BP and an increase in WM is also consistent with the negative correlation observed between WM capacity and D1 binding in individuals with schizophrenia (26) .
The underlying mechanisms responsible for the plasticity of receptor densities are not known. One possibility is that other transmitters influence the trafficking of dopamine receptors; for example, it has been shown that the activation of Nmethyl-D-aspartate receptors affects dopamine signaling by recruiting D1 receptors from the interior of the cell to the plasma membrane (27) . Another interpretation is that the changes reflect long-term adjustment of the concentration of D1 receptors in response to a prolonged increase in the level of endogenous dopamine during WM training.
More generally, the present results demonstrate a high level of plasticity of the neuronal system defined by cortical D1 receptors in human volunteers. The findings were specific because the D2 system did not show any relation to WM changes. The training-induced changes emphasize the reciprocal interplay between behavior and the underlying brain biochemistry and should be relevant for studies of neuropsychiatric disorders as well as correlational studies between behavior and biochemical markers. Regeneration of injured neurons can restore function, but most neurons regenerate poorly or not at all. The failure to regenerate in some cases is due to a lack of activation of cell-intrinsic regeneration pathways. These pathways might be targeted for the development of therapies that can restore neuron function after injury or disease. Here, we show that the DLK-1 mitogenactivated protein (MAP) kinase pathway is essential for regeneration in Caenorhabditis elegans motor neurons. Loss of this pathway eliminates regeneration, whereas activating it improves regeneration. Further, these proteins also regulate the later step of growth cone migration. We conclude that after axon injury, activation of this MAP kinase cascade is required to switch the mature neuron from an aplastic state to a state capable of growth. S evered neurons can regenerate. After axons are cut, neurons can extend a new growth cone from the axon stump and can attempt to regrow a normal process. Most invertebrate neurons are able to regenerate, as are neurons in the mammalian peripheral nervous system. By contrast, neurons in the mammalian central nervous system have limited regenerative capability (1) . Regeneration is thought to be initiated by signals arising from the injury, including calcium spikes and the retrograde transport and nuclear import of regeneration factors (2) . These mechanisms lead to increased cyclic adenosine monophosphate (cAMP) levels, local and somatic protein synthesis, and changes in gene transcription that, in turn, promote remodeling of the cytoskeleton and plasma membrane at the site of injury. The ability of specific neurons to regenerate is deter-
